
‘1

I

I

II
K1
m
l-l

NATIONALADVISORYCOMMITTEE

o

I

FORAERONAU
/

TECHNICALNOTE

‘ICS

No. 1631

WIND-TUNNELMESTIGATION OF BOUNDARY-IAYER CONTROL

BYSUCTIONONNACA 65=-424AIRFOIL
d

WITH DOUBLESLOTTEDFLAP

ByStanleyF. Racisz andJohnH. Quinn,

LangleyAeronauticalLaboratory
LangleyField, Va.

Washington
June1948

n

I

,.. . . -. —-. —,—)



TECHLIBRARYK.AFB,NM

NATTONALADVISORYccMmTrEE
IuluulllulnliFORAERONAU’TL nlJ445L7

!mcmmcmITC’I!ENO.1631

W13VD—TIJNNELINVESTIGATIONOFBOUNDARY-LAYERCCNTROL

BY SUCTIONONNACA655-&24AIRFOIL

WTTHDOUBLESLOTTEDFMP

By StanleyF.RaciszandJohnH. Quinn,Jr.

SUMMARY

An investigateionhasbeenconductedatReynoldsnumbersren@ng
frm 1.0x 106to6.0 x 106intheLsngleytwo-dimensionallow-
twrbul.encetunnelstodeterminetheeffectivenessofboundary-layer
controlby suctionendof suction-slotlocationinincreasingthe
maximumliftanddecreasingthedragoftheNACA65-~24airfoilsection5
equippedwitha doubleslottedflap.Testsweremadeofthemcxielwith
a suctionslotat0.45chordandwitha suctionslotat0.65chord.
Measurementsweremadetodetermhethesectionlift,drag,andinternal
pressure-losscharacteristicsforflowcoefficientsrangingfromO to0.03
fortheairfoilwiththeflapextendedandretracted,withandwithout
leading-edgeroughness.

At a Reynoldsnumberof6.o x 106,deflectingtheflapincreased
themaximumsectionliftcoefficientofthesmoothairfoilfrom1.!L
to3.4, andboundary-layercontrolat0.65chordwiththeflapdeflected
furtherincreasedthevalueto4.2. Forthemodelwiththeflapde-
flected,themaximumsectionliftcoefficientsobtainedwiththe
boundary-layercontrolslotat0.65chordweregenerallyhigherthan
thoseobtainedwiththeslotat0.45chord.

Boundary-layercontrolbymeansofa singlesuctionslotat
0.65chordresulted,foran extinsiverangeof sect~onliftcoefficlentj
ina sectiontotal-dra~coefficient,wh:chincludeda drag-coefficient,
allowancefortheboundary-layercontrolpower,lowerthanthatofthe
plainairfoil.Themaximumsectionlift-dragratiooftheairfoilw:th
flapretractedsndleading-edgeroughnesswasmorethandoubledata
Reynoldsnumberof6.0x 106by theuseofboundary-layercontrolend
thatforthesmoothairfoilwasIncreasedby approximately38percent.

INTRODUCTION

Theuseofahfoflsectionshavingthlclmeasesgreaterthana%out-
21percentof the’afirfoilchordhasgenerallybeenavo:dedbecauseof
thelowmax[mumliftandhighdragusuallyassociatedti.thsuchsections.
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2 IWCATNITo.1631

In addition,rough-g theleadingedgeof thickairf~ofisgenerally
resultstiunreasondlylargeincraasesofthedragcoefficientevenat
verymoderateliftcoefficients.Theseundesirablecharacteristicsof
thickairfoilsarecaused%yyrematmeseparationoftheturbu2ent
boundarylejer.b viewofthestructuraldesire%ilityofthickairfoil
sections,theneedofa satisfactorymethodofretardingsepsratidfiof
theturlnilentbotmdarylayeris appsrent.

Theresultsofprevious+avestfgatlonsreportedinreferences1 to4
indicatethatcontrolofthe%oundarylayerby suctionmsybe en
effectivemethodofincreasingthemaximumliftenddecreas~ngthed-rag
ofNACA6-se@esairfoilshavingmaximumthiclmessesrangingfrom12
to21percent.Thepurposeofthepresentinvestigationistoertend
therengeofthiclmessescoveredinpreviousinvestigaticmsto include
anairfoilof24-percentthickness.Testsweremadein theLangleytwo-
dimenslonallow-tur%tiencetunnelsoftheNACA6S5-424airfoilsectton
equippedwitha dou%leslottedflapendthreeEn_’rangementsof single
boundary-layercontrolslots.Themodelma testedwitha 0.016-choti
slotat0.45chord,sndwitha 0.018-chordanda 0.008-chordslotat
3.65chord,mmio~ amountsof suctionbeingutilized.30th the
retractedad flap-deflectedcom?igurationsweretestedwiththe
aerodynamicallysmoothandwithroughnessappliedtotheairfoil
edgeforReynoldsnn%ersrangingfrom1.0x 106t06.0x 106.
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density,slugspercu%icfoot

coefficientofviscosity,poundsperfoot-second

efficiencyofboundary-layersuctionsystem(assumedequalto1.9
forcalculatingc~ inthepresentpaper)

sectimangle

distancefrom

-L

ofattack,degrees

a~rfoille~~ edgemeasuredperallelto chord
line, feet

MODEL

ThemodeloftheNACA65~424airfoilsectionwitha doubleslotted
flaptestedwasconstitedo;metalandhada chordof twofeetanda
f3Pm of threefeet.Themodelcompletelyspennedthetestsectionof
theLangleytwO-di.men3i0tilow-turbulencetunnelandoftheIaz@Ley “
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NACATNNo.1631

two-dimensionallow-turbulencepressuretunnel.Sketchesofthemodel
showingthethreesuctionslotsandtheflapconfigurationtestedare
presentedas figure1. Theforwardpartofthedou%leslottedflapis
referredtohereinas thevane. Ordinatesfortheplainairfoilsection,
vane,sndflaparepresentedin tables1,2,and3,respectively.For
eachtestofthemodelwithout%oundsry-leyercontrol,thesuctionslots
weresealedandfairedtoconformtotheplainairfoilcontour.For ‘
testsofthemaielwithleading-edgeroughness,thesmf’aceswerethe
mme as thoseforthesmoothconditionexceptthatcar-hamdmngrainshad
beenappliedtotheleadingedge.Thecarborundmgrainshadaverage
diemetersof0.011inchandweresparselyspreadto coverfrom5 to 10per”
centof thesurface.Theroughnessstripextendedovera surfacelength
ofO.O& fromtheleadingedgeoneachsurface.

TESTMEmIms

Preliminarytestsofthemodelwiththesuctionslotat0.45cwere
madeintheIangleytwo-dimensionallow-turbulencetunnelata Reynolds
nuniherof2.2x 106anda flowcoefficientCQ of0.02todeterminethe
flapconfigurationforhighestmaximumlift.Thesetestsconsistedof
surveysoftheflappositionwithrespecttothevaneforseveralflap
endvanedeflectionsendsurveysof theflapandvaneasa unitwith
respecttotheairfoil.Theflapconfigurationthathadthehighest
maxhnumliftisshowninfigure1 andwastheconfigurationusedforall
subsequenttestsofthemodelwiththeflapdeflected.

Thesectionliftcharacteristicsofthemodelwitheachsuction-slot
configurationweredeterminedata Reynoldsnumberof6.0x 106inthe
LsngleyIx&-dimensionallow-turbulencepressuretunnelatflowcoef-
ficientsrsngingfromO to0.03. Inallcasesthevsluesgivenforthe
conditionof CQ= O wereo?)tainedwiththesuctionslotssealedend

faired.In ord~rto~%tainan IndicationoftheeffectsofReynolds
numberonthesectionliftcharacteristics,themodelwiththesuction
slotat0.45cwasalsotestedatReynoldsnumbersof1.!)x 106
snd2.2x 106intheLangleytwo-dimensionallow-turbulencetunnel.In
eachcase,themodelwas”testedwiththesurfacesaerodynamicallysmooth
an~withleading-edgeroughnessfortheconfigurationwiththeflap
retractedandfortheconfigurationwiththeflapdeflected.

Thesectionprofile-dragsndtotal-dragcharacteristicsforthe
modelwitheachofthethreeslotconfigurationsweredeterminedwith
theflapretraotedata Reynoldsnmber of6.ox 106.

Thesectionliftsndprofile-dragcharacteristicsweredetermined
by themethodsdescribedinreference5,whichalsoincludesa discussion
of themethodsusedincorrectingthetestdatatofree-airconditions.
Theflowcoefficientwasdeterminedfrommeasurementsofthepressures
withinthepipelineconnectingtheductinthemodeltoa blowerinlet.

—-
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,- Thepressure-losscoefficientsweredeterminedfrommeeswementswitha
flushsurfaceorificelocatedintheendoftheductendoppositeTOthe
endfromwhichtheairwasremoved.Thesectiontotal-dragcaeff’!cient
wasdeterminedby addingthesectionproi’:le-dragcoef?ic:entdetermined
fromwake-surveymeasurementstotheblower-dragcoefficientdetemlned
fromthein%rnslpressuremeasurements.Presswedistributionsforthe
uppersurfaceoftheairfoilwithandwithoutbounflary-layercontrolwere
determinedfrommeasurementswitha smallstatic-pressuretubeplaced

~ inchabovetheairfoils~ace. At eachmeasuring
apprOximtely32
station,thetubewascurvedtoapproximatetheairfoilcontour.

RESULTSANDDISCUEEION

DeterminationofSlotConfigurations

Thelowmaximumliftandhighdragofthickairfo:lsectionsare
causedprimarilyby separationof theturbulentboundarylayer.?’hePeKIa-
rationoftheturbulentboundaryleyer,whichoccursevenat lowangles
ofattack,is inducedby theadversepressuregradientovertherear
partoftheairfoil.A secondsrycontributionto thehighdragisthe
skinfriction,whichis increasedforthickairfoilsbecauseofthe
relativelyhigherinducedvelocities.Theeffectivenessofa bc”mdary-
layercontrolslotinpreventingseparationforanextensiversngeof
angleofattackwilldependtoa largeextentupanthechangeinthe
chordwisepositionof separationwithsectionangleofattackand,there-
fore,a slotthatiseffectiveat lowanglesof attack may be consider-
ablylesseffectiveathighanglesofattack.

The0.45cstationwas chosenforoneslotlocationbecauseprevious
tests(reference4)haveshownthatthemximumliftmaybe considerably
increased%y locatingtheslotat thatpositionandbecauseat luwengles
ofattacktheslotitselfshouldnotcausetransitionfromlsmtnarto
turbulentflowwitha resultanttncreaseinprofiledrag.The0.65csta-
tionwasselectedfortheotherslotlocationbecausethepressure-
distributiondiagrempresentedinfigure2 indicatesthatata section
liftcoefficientof approximately0.5,whichwasconsidereda representa-
tivecruisingliftcoefficient,separationbegenatapproximately0.65c.
Theslotsat0.k5cand0.65c,as shownin figure1,hadwidthsofapproxi-
mately0.02cinordertoobtainthehighflowcoefficientsrequiredfor
highestmaximumlift.Thesmallerslotat0.65cshowninfigure1 was
designedforuseat lowflowcoefficients.

Thesectionliftcharacteristicsofthemodelwiththevariousslot
configurationstes+=darepresentedinfigures3 and4. Thematn”effect
of boundary-layercontrolby an individualsuctionslotwastomaintain
a linearvariationof sectionllftcoefficientwithsectionangieof

. —-— .— . . ..—— .- —.. -z.
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attackfora moreextensiveengle-of-attackrange,witha resultant .
increaseinthemaximumsectionliftcoefficient.Boundary-layercontrol
generallyIncreasedthesectionengleofattackformaximumliftandalso
causedtheangleofattackforzerolifttobecomemorenegativeforthe
modelinthesmoothandroughconditions.Bound~-layercontrolgener-
allyincreasedthe-slopeoftheliftcurveforthemodelintherough
Contition●

Thevariatimofmaximumsecticrnliftcoefficientwithflowcoef-
ficientata Reynoldsnuder of6.ox 106ispresentedinfigure5. These
dataindicatethattheIncrementofmaximumsectionliftcoefficientper
incrementofflowcoefficientbecameappreciablylessas theflowcoef-
ficientwasincreasedbeyonda valuebetween0.01and0.02.Thegainin
msximumsectionliftcoefficientwithflowcoefficientwasabouttwiceas
muchfortheflap-retractedconfigurationasfortheflap-deflectedcon-
figuratim.Withtheflapdeflected,highermaximumliftcoefficients
wereobtainedwithsuctionappliedat0.65cascmparedwiththosecoef-
ficientsoldxctnedwithsuctionappliedat0.45c;whereastheopposite
wastruefortheflap-retractedconfiguration.Themeximumsectionlift
coefficientofthea“irfoilinthe&oothconditionata Reynoldsnumber
of6.ox 106was1.4withtheflapretracted;deflectingtheflap
increasedtheliftcoefficientto 3.4,andboundary-leyercontrolfurther
increasedthevalueto4.2. Reducingthewidthofthesuctimslot
at0.65chadlittleeffectonthevalueofthemaximumsectionliftcoef-
ficientascenbe seenfrcmthedataobtainedat a flowcoefficient
of0.01andpresentedinfigure5. Thehighflowcoefficientsrequired
forhighmaximumlift,however,wereo%tainalleanl.ywiththewiderslot
%ecauseoftheexcessivepowerrequiredathighflowcoefficientswith
thenarrowslot.

Thevariationofmaximumsectionliftcoefficientwithflowcoef-
ficientforReynoldsnumbersrangingfrom1.0x 106to6.oX 106forthe
modelwiththeslotat0.45cispresentedinfigure6. Forthemodelin
thesmoothconditionwiththeflapdeflected,themaximumsectionlift
coefficientgenerallyticreasedastheReynoldsnunilerwasincreased
from1.0X 106to2.2x 106enddecreasedastheReynoldsnumberwas
increasedfurtherto6.o X106, whereaswiththeflapretracted,themaxi-
mumsectionliftcoefficientincreasedastheReynoldsnumberwas

increasedfroml.Ox 106to6.0X”106.VaryingtheReynoldsnumbergener-
allycausedno si~ificantorconsistentchangeinthemaximmnsection
lfficoefficient.Thehighestvalueofthemaximumsectionliftcoef-
ficientata Reynoldsnunherof2.2x 106was4.2,or0.4higherthen
thatobtainedfortheNACA65k-421.airfoilsectionwitha doubleslotted
flapendboundary-layercontrol%ymeansofa suctionslotat0.45c
(reference4).

.- ..—



7

DragandLfit-DragRatio

Thesectionprofile-dragcharacteristicsofthemodelwiththeflap
retractedarepresentedfora Reynoldsnum%erof6.ox 106infigure7.
M allcasesboundary-layercontrolreducedthesectionprofile-drag
coefficientforanextensiverangeof sectionliftcoefficient,butthe
reductionwaslargerfortheconfigurationwiththeslotat0.65c.
(Ccnnparefig.7(a)withfig.7(b).)

Thepressure-losscharacteristicsforthemdel withthe0.016cslot
I

at0.45c,withthe0.018cslotat0.65c,andwiththe0.008cslotat0.65c
J

arepresentedinfigures8,9,and10,respectively.ThepowerP
requiredfortheboundary-layercontrolmaybe estimatedfromthe

pressure-losscharacteristics%y theequationP = CQCPqovobcwherethe
T

efficiencyfactorq includesboththemechanicalandductinglosses.

Thesecticmtotal-dragpolarspresentedinfigure11 indicatethat
themeximumsectionlift-dragratio C2c

/%
wasobtainedbyusingthe

slotat0.65cendflowcoefficientsof0.002or0.003.Uniformsuction
acrossthespanwasobtainedattheselowflowcoefficientsonlywith
the0.00& suctionslot.Thedatapresentedinfigure11 indicatethat,
ingeneral,thesectiontotal-dragcoefficientswerelowerforthemodel
Mth theslotat0.65cthemthoseobtainedwiththeslotat0.45c.The
sectiontotal-dragcoefficientforthecanfiguraticmwiththe0.00& suc-
tionslotat0.65candwithleading-edgeroughness,moreover,=s
genemllylowerthanthatofthemckielwiththeslotsealedforen
extensiverangeofliftcoefficient.

Thedatapresentedinfigure11(c)indicatethatata Reynoldsnumber
of6.o x 106themaximumsectionlift-dragratio cz/ch withflap

,/ L

retractedwasticreasedfra U6 to 16oforthesmoothconditicmandfrom
30to74fortheroughconditionby theuseof%oundary-layercontrol.
Ithasbeenshowninreference7 that,fora plainwinghavinga fixed
ratioof spantorootthickess,increasingtheaspectratiobeymd a -
certainlimittendstoresultinno increaseinthemaximumlift-drag
ratio,particularlyfortheroughcandition,becauseofthehighprofile
dragresultingfromthethickrootendinboardsections.Thefactthat
substantialdecreasesinthedragat cruisingliftcoefficientsand
correspondingincreasesinthesectionlift-dragratiowerereelizedin
thepresentinvestigationbytheuseof%oundery-layercontrolfora
sectionof24-percentthicknessmeansthattheaspectratioformaximum
lift-dragratiohasken increased.ResaarchonthickersectionsiS
requiredinordertodetemninethelimittowhichitispossibleto
increasetheaspectratiosndstillobtainincreasesinthewinglift-
dragratio.Theoptimumaspectratio%111be dependentto someextent
upantheefficiencyofthebcundary-layersuctionsystembecauseof its
effecton thesectiontotal-dragcoefficient.

———.——. — .- —- ..— -. ——_.—



— ----

8 NACATNNO.1631

CONCLUSIONS

An investigationhasbeenconductedintheLangleytwo-dimensional
l~tmbulence tunnelstodetemninetheeffectsofboundary-lsyercontrol
ly suctionendof suctio~lotlocationonthesectionliftanddreg
characteristicsoftheNACA65@24 airfoilsectionwitha doubleslotted

flap. Themodelwastestedtitha suctionslotat0.45chordandwitha
suctionslotat0.65chord.Theresultsoftheinvestigationindicated
thefollowingconcluf3ions:

1.Themaxhnnsectionliftcoefficientoftheairfoilinthesmooth
conditionata Reynoldsnuniberof 6.ox 106was1.4withtheflap
retracted;deflectingtheflapincreasedtheliftcoefficientto 3.4 and
boundary-layercontrolat0.65chordfurtherincreasedthevsluetoL.2.
At themum flowcoefficient,theincreaeeibthemsxtmumsectionlift
coefficientwasabouttwice-asmuchforthefla~etractedconfiguration
as thatfortheflap-deflectedconfiguration.

2.Themadmm sectionliftcoefficientsobtainedly theuseof
boundary-layercontrolat a Reynoldsnumberof6.oX 106withtheflap
deflectedweregenerallyhigherfortheconfigurationwiththesuction
slotat0.65chordthanthosefortheconfigurationwiththesuctionslot

.

at0.45chord.

3. bcreasingtheReynoldsntier froml.Ox 106to6.ox 106
generallycausedno significantorconsistentchangeinmaximumsection
liftcoefficient.

4.Fortheconfigurationwiththesuctionslotat0.65chordand
le~d.ge roughness,thefleCtiOntOtd~ag Coefficientedgy which

includedthedragcoefficientassociatedwiththepowerrequiredto
dischargetheairremmedfrm theboundarylayer,waslowerthanthat
oftheplainairfoilforan extensiverangeofliftcoefficient.

5. Themeximumsectionlift+lragratio cz/cdTof theairfoilwith.
flapretractedsmdleading-edgerou@nesswasincreasedfrom30to74 at—
a Reynoldsnuui%erof6.o~ 10~and%at forthesmooth
increasedfromU6 to 16ohy useoftheboundary-byer
0.65chofi.

modelwas
controlslotat

hngleyMemorislAeronauticalLalorato~
NationalAdNiso~CcmmitteeforAeronautics

LangleyField,Vs.,Fehuary6,1948.
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TABLE 2

VANEFORNAOA6b5-@l+AIRFOIL SECTION

[St~tio..and.rdinatm in ~eroentUfoil ohomd]

TABU 3 ~
FIAPFORNAOA655-424~lLI ~TIOH

Upper mi@oe

)rdinate

;.229

lower

Station

urfaoe

Ordinate

&7~
k-1.8

-2.1
-2.22

8-2.03

-?:23
.035
0

I
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I

I
(a) 61oIJat 0.450.

Figurel.-~o~i.leoftheHAOA 655-W airfoil seotlonwith boundary-layeroontrol slots. vane position
given with respeot to point oorreupondingto titerseotlonof vane ohord llne with upper aurfaoe of vane.
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